In situ IR spectroscopy is used to monitor electrolyte composition and acid protonation state at the interface of graphene nanoflake electrodes. Deprotonation of both electrode-immobilised and solution acids is driven by a local increase in cation activity at the electrode surface on application of a negative electrode potential.
Acid deprotonation driven by cation migration at biased graphene nanoflake electrodes † M. M. Lounasvuori and K. B. Holt* In situ IR spectroscopy is used to monitor electrolyte composition and acid protonation state at the interface of graphene nanoflake electrodes. Deprotonation of both electrode-immobilised and solution acids is driven by a local increase in cation activity at the electrode surface on application of a negative electrode potential.
Degree of acid dissociation (pK a ) is a function of solution composition [1] [2] [3] and identity of neighbouring charged species. 4, 5 For example, it is common for acid groups within enzymes to have pK a values that vary as a function of local charge in the active site. 4 Carboxylic acid terminated SAMs have pK a values differing by several units from the solution species and values are highly dependent on interactions between neighbouring groups. 5 Solution composition profoundly alters the pK a of Langmuir monolayers of NH 2 -terminated lipids at the air-water interface, with pK a strongly dependent on the ionic strength of the water phase, ranging from 5.1 to 10.5 as the ionic strength increased from 0 to 0.1. 1 Protonation states of electrode-immobilized acids are also found to vary with applied potential. 2, 3, 6, 7 Some studies find that acid association takes place on application of a negative potential and have proposed that protonation is driven by the applied electric field. 6, 7 This electrochemically driven reversible acid protonation reaction has been exploited to fabricate a fast charge-discharge supercapacitor from 3,4,9,10-perylene tetracarboxylic acid adsorbed on graphene layers. 8 Conversely, other studies have found that deprotonation takes place when a negative potential is applied and is driven by a local increase in cation activity at the electrode interface that lowers the effective pK a of the acid groups. 2,3 pK a is defined in terms of acid dissociation but neglects the effect of concomitant interaction of the conjugate base with solution cations. The resulting apparent pK a (pK a (app)) can be shown 2 (S1, ESI †) to depend on monovalent cation activity a M + and K as , the equilibrium constant for the association between conjugate base and solution cations, as shown in eqn (1):
pK a (app) = pK a + pK as À log(a M +)
Eqn (1) implies that close to a biased electrode, where a M + differs from the bulk activity, pK a (app) of interfacial species, whether surface-bound or not, should differ from bulk values. Whether a field-induced protonation [6] [7] [8] or cation activity-induced deprotonation 2,3 mechanism dominates at negative electrode bias will influence performance in applications where control of protonation state of electrode surface acids is paramount. Surface acids are known to influence electron transfer kinetics 9, 10 and capacitive charging [6] [7] [8] at electrodes.
Here we show, using in situ infra-red (IR) spectroelectrochemistry, that a negative electrode potential results in deprotonation of graphene electrode carboxylic acid edge groups. We also observe deprotonation of solution H 3 PO 4 , H 2 PO 4 À and HSO 4 À close to the electrode on application of À0.5 V. We attribute both findings to a decrease in the apparent pK a (app) of the acids, in response to a local increase in cation activity at the electrode at negative potential. This observation is important as it implies that speciation of acids near a biased electrode surface can differ significantly from bulk solution and this can be driven purely by cation migration in the absence of adsorption, redox chemistry or pH change. Graphene nanoflakes (GNF) are ca. 30 nm diameter flakes of graphene with a high density of carboxylic acid edge groups ( Fig. 1a and Fig. S3 reflectance (ATR) IR spectrometer (Fig. 1b) . The distance between the unmodified BDD electrode and prism was determined as ca. 17 mm (S4, ESI †). On immersion in electrolyte the GNF-Ca layer swells (S14, ESI †), thus the GNF-Ca layer is in direct contact with both prism and electrode. Penetration depth of the IR evanescent wave is o2 mm (S5, ESI †) hence only the region of GNF-Ca layer furthest from the BDD surface is probed. The high surface area conductive GNF-Ca electrode allows measurement of potentialinduced changes in protonation state of the non-complexed acid edge groups of the GNF-Ca, simultaneously with changes in speciation in the solution at the electrode surface, using in situ IR spectroscopy. Potentials of +1.0 V and À0.5 V were used, being the limits of electrolyte stability (S9 and S15, ESI †). All spectra reported are difference spectra. The GNF-Ca layer is intact at the end of experiments, indicating that bound Ca 2+ is not perturbed by potential, as migration of Ca 2+ would result in loss of the layer due to solubility of the non-complexed GNF. In 0.1 M NaCl at pH 7 initial application of +1.0 V results in little change in the spectrum relative to a background spectrum recorded without potential (S7, ESI †); however, subsequent application of À0.5 V (Fig. 2, . Clearly a negative electrode potential induces deprotonation of acids and positive potential results in their re-protonation.
Deprotonation of electrode-immobilized acids has been reported to be induced by applied electric field; 6,7 however, such a mechanism would result in the opposite trend to that seen here (S8, ESI †). An increase in interfacial pH at À0.5 V would also induce deprotonation; this could arise through O 2 , H + or water reduction. However, we find identical spectral changes in deoxygenated solution (S6, ESI †), discounting a pH change due to O 2 reduction. In contrast, spectral changes are completely suppressed when the ionic strength of the electrolyte is lowered while the pH held constant (S9 and S10, ESI †). This strong dependence on ion activity is consistent with protonation being due to a negative shift in pK a (app) of the acids when local cation activity is increased at the electrode interface at negative potentials, 2,3 as predicted by eqn (1). This results in deprotonation of some acid groups that would usually remain protonated at pH 7. Previous titration studies 9 have shown that the GNF-COOH groups exhibit a wide range of pK a values. Despite all edge acids being chemically identical, they occupy different sites and their pK a values are strongly influenced by neighboring groups. Below pH 3 most acid edge groups are protonated and above pH 9 they are mostly deprotonated. At intermediate pH 7 some groups are deprotonated while others are not, hence a small negative shift in pK a (app) at À0.5 V results in the deprotonation of some of these acids, as we observe. Evidence for changes in local ion activity comes from the difference spectra in pH 7 Na 2 SO 4 ( Fig. 2, black, red) . Near identical changes to the spectra of the acid CQO and carboxylate region in NaCl are observed, but additionally the asymmetric stretch for the solution sulphate anion 14 is seen at 1100 cm À1 . The anion is repelled from the electrode surface when À0.5 V is applied (black) and hence a decrease in absorbance is observed. This demonstrates that a measurable change in local activity of electrolyte ions takes place in response to the electric field at the electrode. Although not detectable with IR, the Na + cation activity must be similarly perturbed, moving in the opposite direction to the sulphate anion. Identical spectral changes are obtained in 0.1 M pH 7 K 2 SO 4 (S11, ESI †), indicating both cations undergo similar increases in activity at À0.5 V. Calibration with known concentrations of K 2 SO 4 allows us to estimate that the intensity loss of the sulphate band at À0.5 V corresponds to a decrease in SO 4 2À concentration of 3.5 Â 10 À3 mol dm À3 (S12, ESI †). We therefore infer from stoichiometry an increase in a K + of 7 Â 10 À3 at À0.5 V (assuming activity coefficients as unity and similar anion and cation mobility). Only negative potentials perturb a SO 4 2À from equilibrium values and application of +1.0 V does not result in an increase in a SO 4 2À (S13, ESI †). This is due to pre-concentration of 7 Â 10 À3 mol dm À3 of sulphate within the GNF-Ca electrode structure during initial equilibration in electrolyte (S14, ESI †), as observed from the IR spectrum of the equilibrated electrode. Thus migration of sulphate towards the electrode at +1.0 V must take place against a concentration gradient and is disfavoured. Migration of sulphate away from the electrode is found to be dependent on the magnitude of negative potential applied (S15, ESI †).
Repetition of experiments at pH 3.5 ( Fig. 3) shows that in KCl and K 2 SO 4 changes to the electrode acid group spectra are almost identical to those in NaCl and Na 2 SO 4 at pH 7. This is consistent with GNF acid groups having pK a values of 3 to 9 and hence some being able to undergo deprotonation at pH 3.5 in response to increased a K +. In K 2 SO 4 the sulphate band also shows the same response to applied potential as at pH 7, although the absorbance changes are weaker and broader. At pH 3 (Fig. 3 black, red) spectral changes for GNF acid groups and solution sulphate are much lower in intensity. For the acid groups this is unsurprising, as only a small number of the most acidic groups can undergo deprotonation at this pH as few have a pK a of 3 or below. Spectral changes in the sulphate region can be rationalized by predicting trends in interfacial activities of solution species in response to changes in a M + at the electrode. Using the value for Da K + of 7 Â 10 À3 at À0.5 V, determined above, eqn (1) can be used to calculate pK a (app) for HSO 4 À with no applied potential and at À0.5 V, as shown in Table 1 hence a decrease in intensity is predicted over this spectral range; 14 however, this will be concomitant with an increase in intensity centered at 1100 cm À1 as the sulphate activity is increased.
Overall spectral changes in the sulphate region are therefore predicted to be very weak at pH 3.5, due to the simultaneous increase and decrease in absorbance over this wavenumber range, and broader than at pH 7 due to the contribution from HSO 4 À which exhibits bands over a wider range than SO 4 2À . This analysis broadly fits with experimental results (Fig. 3 blue) , where a weaker and broader band is observed in this region compared to pH 7 ( Fig. 2 black) . An overall loss in intensity is still observed for both species, as the above analysis ignores the electrostatic migration of anionic species away from the electrode. This results in a larger observed loss in spectral intensity for both species than predicted by Table 1 . The effect of the shift in pK a (app) for HSO 4 À at À0.5 V is seen more strongly at pH 3, where the gain in SO 4 2À and loss of HSO 4 À is predicted to be greater (Table 1) . Although the spectral bands in the sulphate region (Fig. 3 black) are almost non-existent, due to cancelling of the increase in SO 4 2À by the decrease in HSO 4 À at similar wavenumbers, we do now observe a small gain of sulphate at 1100 cm À1 along with a small loss of HSO 4 À at 1050 cm À1 , in line with predicted trends.
The same analysis (S16, ESI †) can be carried out to predict spectral changes in 0.1 M phosphate solutions at À0.5 V, as shown in Table 2 À . This is broadly observed in the experimental spectrum (Fig. 4 black) , where a particularly However, comparison of the predicted changes in Table 2 with Fig. 4 show that the experimental phosphate difference bands are significantly more intense than predicted at pH 7 and 9. The intense phosphate bands are in contrast to anomalously weak acid carbonyl and carboxylate bands under the same conditions. In NaCl and Na 2 SO 4 at pH 7 the acid spectral changes are prominent and of a similar magnitude to those at pH 3.5. This anomalous behavior is attributed to suppression of COOH deprotonation in response to changes in phosphate speciation. With a local increase in cation activity, the pK a (app) of H 2 PO 4 À is lowered and deprotonation takes place:
In response to the resulting decrease in pH, deprotonation of the acid edge groups is suppressed and protonation favoured:
Thus at À0.5 V, although the local increase in a M + favours deprotonation of GNF-COOH, the simultaneous decrease in pH caused by phosphate deprotonation drives protonation of GNF-COO À . These competing influences lead to the observed anomalously small overall changes in the acid group spectral bands. Consumption of protons in eqn (3) encourages further deprotonation of H 2 PO 4 À and results in the unexpectedly intense phosphate spectral bands. These bands are less intense at pH 9 as the consumption of protons by GNF-COO À is less favoured at the higher pH. Thus unexpectedly, these spectra show that the electrode acid groups act as a buffer to changes in phosphate ionization, rather than the solution species buffering changes to the electrode acid groups. The ubiquity of acid moieties at electrode interfaces, as defect sites on carbon electrodes and as polymer electrolytes of solid supercapacitors, makes understanding their response to applied electrode potential an essential area of study. Here we have shown using in situ IR spectroscopy that both electrodeimmobilized and solution acids undergo deprotonation in response to increased cation activity at a negatively biased electrode. This observation will allow design of electrodes with specific potential-dependent protonation behaviour, which can be tuned by matching with appropriate electrolyte species.
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